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ABSTRACT 


An  experimental  investigation  was  conducted  to  determine 
if  there  is  a  relationship  between  the  cold  flow  characteris¬ 
tics  of  velocity,  pressure  distribution,  and  turbulence  inten¬ 
sity  and  the  reacting  flow  performance  and  combustion  charac¬ 
teristics  of  a  solid  fuel  ramjet.  The  effects  of  configuration 
and  air  flow  changes  on  the  above  characteristics  were  examined 
Average  regression  rates  and  combustion  efficiencies  were  not 
significantly  affected  by  changes  in  configuration.  These  vari¬ 
ations  in  test  conditions  significantly  affected  the  center- 
line  turbulence  intensity  but  not  the  near-wall  turbulence  in¬ 
tensity  in  cold  flow.  The  use  of  bypass  resulted  in  decreases 
in  regression  rate  and  efficiencies  for  all  cases.  Attainable 
performance  appears  to  be  most  strongly  related  to  near-wall 
turbulence  intensity /mixing  and  to  the  amount  of  fuel  reaching 
the  aft  mixing  chamber. 
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I .  INTRODUCTION 


The  solid  fuel  ramjet  (SFRJ)  characteristics  indicate 
that  it  may  be  a  viable  alternative  to  present  day  propulsion 
systems  being  used  in  intermediate  range  and  high  speed  tac¬ 
tical  weapons.  The  relative  simplicity  of  the  solid  fuel  ram¬ 
jet  concept,  as  compared  to  its  counterparts,  could  lead  to  a 
highly  cost  effective  alternative.  It  must  first  demonstrate 
combustion  stability  and  efficiency  over  the  expected  operat¬ 
ing  envelope  of  altitudes  and  Mach  numbers,  and  performance 
parity  with  today's  propulsive  systems. 

Combustion  studies  on  the  solid  fuel  ramjet  have  been 
carried  out  at  United  Technologies  -  Chemical  Systems  Division 
since  1971  (Ref.  1) .  One  of  the  findings  made  in  the  early 
70' s  by  CSD  was  that  a  sudden  expansion  inlet  could  be  used  to 
provide  flame  stabilization  in  the  SFRJ  as  it  does  in  liquid 
fuel  ramjet  dump  combustors.  The  step  inlet  (Fig.  1)  acts  as 
a  flameholder  to  sustain  the  combustion  throughout  the  solid 
fuel  grain.  A  desired  characteristic  of  these  inlets  from  a 
pressure  loss  standpoint  is  a  minimum  step  height  (h)  that  is 
capable  of  sustaining  combustion. 

The  step  inlet  creates  at  least  two  distinct  zones  of 
combustion  within  the  fuel  grain  (Fig.  1) (Ref.  2) .  In  Zone  I, 
also  known  as  the  recirculation  zone,  the  flow  is  highly  tur¬ 
bulent.  The  combustion  process  in  this  area  approaches  that 
of  a  well-stirred  reactor.  The  latter  process  usually  con- 
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siders  the  composition  and  all  of  the  thermodynamic  properties 
to  be  uniform  throughout  the  volume.  Downstream  of  flow  re¬ 
attachment,  Zone  II,  a  boundary  layer  develops  and  the  combus¬ 
tion  is  similar  to  that  in  a  hybrid  rocket.  A  diffusion  flame 
is  located  within  the  turbulent  boundary  layer  between  the 
fuel  rich  zone  near  the  wall  and  the  oxygen  rich  central  core. 
The  decomposition  of  the  fuel  is  caused  by  heat  being  trans¬ 
ported  by  convection  and  radiation  to  the  solid  surface. 

Because  of  this  flame  geometry,  some  unburned  fuel  vapor/ 
carbon  will  necessarily  exit  the  aft  end  of  the  fuel  grain. 

To  allow  for  additional  chemical  reaction  an  aft  mixing  chamber 
is  often  employed  which  is  larger  in  diameter  than  the  fuel 
port.  It  has  also  been  found  advantageous  for  some  fuel  com¬ 
positions  to  bypass  some  of  the  inlet  air  to  the  aft  mixing 
chamber. 

Past  studies  have  shown  that  attainable  performance  de¬ 
pends  on  many  parameters  such  as  flameholder  step  size,  aft 
mixing  chamber  entrance  step  size  and  length- to-diame ter  ratio, 
and  bypass  techniques.  Variations  of  these  parameters  can 
change  the  combustion  efficiency,  regression  rate,  and  flam¬ 
mability  limits  of  the  solid  fuel  ramjet. 

Alternate  fuels  have  been  considered  with  the  hope  of 
providing  higher  density  impulse  while  at  the  same  time  main¬ 
taining  high  combustion  efficiency  (Ref.  3) .  To  date  these 
studies  have  not  been  particularly  successful  and  indications 
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are  that  mixing  processes  within  the  fuel  grain  may  be  more 
important  than  fuel  composition  (Ref.  4) . 


An  understanding  of  the  effects  that  configuration 
changes  have  on  the  flow  and  combustion  characteristics  is 
necessary  to  arrive  at  an  optimum  combustion  efficiency.  It 
would  be  very  beneficial  if  non-reacting  flow  field  charac¬ 
teristics  and  fundamental  fuel  properties  could  be  used  to¬ 
gether  to  provide  a.  priori  estimation  of  the  attainable  per¬ 
formance  . 

This  study  was  directed  toward  a  comparison  of  the  non¬ 
reacting  flow  characteristics  in  the  solid  fuel  ramjet  motor 
with  the  reacting  flow  characteristics  and  the  obtainable  per¬ 
formance.  Later  efforts  will  be  directed  toward  relating 
fundamental  fuel  properties/decomposition  behavior  with  ob¬ 
tainable  SFRJ  combustion  efficiency.  Data  obtained  from  this 
and  previous  work  are  also  necessary  to  validate  analytical 
and  numerical  models  that  are  being  developed. 


II.  METHOD  OF  INVESTIGATION 


The  experimental  data  collected  for  this  report  was  ac¬ 
complished  at  the  Solid  Fuel  Ramjet  Facilities  of  the  U.  S. 
Naval  Postgraduate  School  (Refs.  5,  6,  and  7).  Measurements 
were  taken  in  both  non-reacting  and  reacting  tests  for  a 
variety  of  configurations  and  airflow  conditions. 

Non-reacting  flow  data  consisted  of  static  and  total 
pressure  measurements,  and  centerline  and  near-wall  hot-wire 
anemometer  studies.  Nominal  test  conditions  are  listed  in 
Table  I.  Static  pressure  was  obtained  with  the  use  of  wall 
mounted  taps  along  the  length  of  the  ramjet  motor.  These 
values,  along  with  total  pressure  measurements  from  a  total 
pressure  rake,  were  used  to  determine  pressure  distribution 
and  velocity  profiles  in  the  ramjet  motor.  The  hot  wire  ane¬ 
mometer  data  yielded  quantitative  and  qualitative  information 
on  the  turbulence  intensity  within  the  ramjet  model. 

To  gather  the  desired  information  from  the  reacting  flow 
studies,  the  solid  fuel  ramjet  motor  was  mounted  on  a  thrust 
stand.  Along  with  the  thrust  data,  static  pressure  distribu¬ 
tions  along  the  grain  were  obtained.  A  series  of  thermocouples 
were  imbedded  near  the  aft  end  of  one  grain  in  an  attempt 
to  determine  the  radial  temperature  distribution  in  the  fuel 
rich  region  between  the  wall  and  flame.  The  experimental 
firings  were  conducted  using  Polymethylmethacrylate  (PMM)  fuel 
grains.  Nominal  test  conditions  are  presented  in  Table  II. 


14 


Fuel  grains  were  examined  after  a  test  to  determine  aver¬ 
age  regression  rates  and,  more  specifically,  the  axial  and 
circumferential  regression  patterns  of  the  spent  grains.  Com¬ 
bustion  efficiency  was  calculated  based  upon  both  thrust  and 
nozzle  stagnation  pressure. 

The  information  gathered  in  the  cold  flow  tests  were 
used  to  further  characterize  the  flow  field  within  the  solid 
fuel  ramjet  as  a  function  of  geometric  variables  and  bypass 
ratio.  These  cold  flow  data  were  then  related  to  the  perfor¬ 
mance  and  regression  rate  patterns  obtained  in  the  reacting 
flow  experiments. 
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TABLE  I 

Nominal  Test  Conditions  -  Non-Reacting  Flow 


Run 

No. 

Inlet  Diameter 
(inches) 

m 

** 

ft 

P 

(lbm/sec) 

*** 

As 

(lbm/sec) 

Inlet 

Air 

Temp 

(°F) 

m 

.750 

.250 

0.0 

65 

9 

.750 

.250 

0.1 

65 

9 

.500 

.333 

0.2 

0.0 

65 

9 

.500 

.333 

0.1 

65 

5 

. 750  w/screen 

.250 

O 

• 

o 

65 

6* 

.750  w/screen 

.250 

0.1 

65 

n 

.750  w/aft  or¬ 
ifice  plate 

.250 

0.0 

65 

.750  w/aft  or¬ 
ifice  plate 

.250 

0.1 

0.1 

65 

1 

side  dump/ 
short  dome 

- 

0.2 

o 

• 

O 

65 

*turbulence  intensity  measurements  on. 

Ly 

|**primary/fuel  grain  air  flow  rate 

***bypass/secondary  air  flow  rate 

r 


r 
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TABLE  II 

Nominal  Test  Conditions  -  Reacting  Flow 
PMM  Fuel  Grain 


III.  DESCRIPTION  OF  APPARATUS 


A.  RAMJET  MOTOR 

The  solid  fuel  ramjet  motor  was  that  previously  used  by 
Mady,  and  others,  at  the  U.  S.  Naval  Postgraduate  School  (Refs. 
2,  5,  6  and  7).  The  motor  consists  of  four  main  sections: 
the  head-end  assembly,  the  step  insert  section,  the  grain,  and 
the  aft  mixing  chamber/nozzle  (Figure  2) . 

The  head-end  assembly  contained  the  inlets  for  the  air, 
the  ethylene  inlet  for  ignition,  and  the  nitrogen  purge  and 
the  cooling  air  inlets.  Two  distinct  types  of  head-end  as¬ 
semblies  were  used  during  the  tests.  For  the  cold  flow  mea¬ 
surements  an  axial  air  inlet  was  used  upstream  of  the  step 
inlet  as  shown  in  Figures  2  and  4 .  To  conduct  the  hot  firing 
experiments  the  ramjet  motor  was  mounted  on  a  thrust  stand. 

This  necessitated  the  use  of  a  different  head-end  assembly  to 
enable  the  air  to  enter  the  engine  from  the  sides.  The  air 
was  then  turned  90°  with  a  wedge  to  enter  the  inlet  and  fuel 
grain  (Figure  3) . 

The  step  insert  section  held  the  inlet  in  place.  Two 
step  inlets  were  used  during  this  investigation,  with  inside 
diameters  of  0.50  and  0.75  inches.  These  sizes  resulted  in 
h/D  values  of  0.333  and  0.25,  respectively.  The  inlets  were 
constructed  such  that  a  stainless  steel  8x8  mesh  (51.8%  open 
area)  screen  could  be  attached  at  the  grain  inlet  to  vary  the 
inlet  distortion/ turbulence  intensity. 
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The  cold  flow  tests  and  hot  firings  were  done  using  the 
above  mentioned  PMM  fuel  grain.  This  fuel  was  selected  be¬ 
cause  of  its  availability  and  wide  use  for  basic  research  in 
hybrid  rocket  combustion  and  in  studies  of  polymer  degradation. 
The  grains  were  twelve  inches  in  length  with  an  initial  inside 
port  diameter  of  1.5  inches. 

Two  of  the  PMM  grains  were  modified  to  examine  the  effects 
of  a  side  dump/dome  inlet  configuration  (Figure  5) . 

The  aft  mixing  chamber  had  four  bypass  dumps  located  sym¬ 
metrically  around  the  chamber.  For  this  study  two  180°  op¬ 
posed  dumps  were  used,  and  the  remaining  two  were  blocked  off. 
These  bypass  dumps  were  0.803  inches  in  diameter  and  were 
located  2.0  inches  from  the  exit  plane  of  the  fuel  grain.  A 
0.1875  inch  thick  orifice  plate  with  a  1.5  inch  internal  dia¬ 
meter  was  located  at  the  aft  end  of  the  fuel  grain  to  maintain 
a  fixed  step  height  entering  the  aft  chamber.  Those  tests 
which  are  labelled  "with  aft  orifice  plate"  employed  a  similar 
orifice  with  a  1.0  inch  internal  diameter. 

The  aft  chamber  had  a  length  to  diameter  ratio  (L/D)  of 
2.93  and  an  inlet  step  h/D  of  .146.  A  pressure  tap  was  located 
near  the  rear  end  of  the  aft  chamber.  A  0.5  inch  diameter 
converging  nozzle  was  used  in  the  cold  flow  experiments  to 
provide  choked  flow.  A  nozzle  of  0.75  inch  diameter  was  used 
during  hot  firing  runs  to  provide  a  chamber  pressure  of  ap¬ 
proximately  60  psia. 
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B.  AIR  SUPPLY  AND  FLOW  CONTROL  SYSTEM 

The  main  air  supply  was  powered  by  a  Pennsylvania  air 
compressor  that  could  provide  air  at  pressures  up  to  150  psia. 
The  air  was  fed  into  a  reservoir  and  then  directed  to  the 
ramjet  motor.  A  polytherm  air  heater  was  also  available  if 
the  air  needed  to  be  heated. 

Standard  ASME  orifice  flowmeters  (Ref.  8)  were  used  to 
measure  the  flow  rates  of  the  air  into  the  motor  for  both 
primary  and  secondary  (bypass)  air.  Manually  operated  gate 
valves  between  the  orifices  and  the  motor  were  used  to  pro¬ 
vide  the  desired  flow  rates  to  the  motor.  Two  pneumatically 
operated  Jamesbury  ball  valves  (operating  together)  either 
vented  the  primary  air  to  the  atmosphere,  or  allowed  it  to 
pass  through  the  motor.  The  line  pressures  and  differential 
pressures  across  the  ASME  orifices  were  recorded  on  a  Honeywell 
Model  2106  Visicorder  and/or  a  strip  chart  recorder. 

C.  INSTRUMENTATION 

Flow  measurements  during  the  cold  flow  tests  consisted 
of  a  total  pressure  rake,  axial  pressure  distributions  (using 
wall  pressure  taps) ,  and  centerline  and  side  wall  hot  wire 
turbulence  intensity  measurements.  During  hot  firings  the 
axial  pressure  distribution  was  also  measured  as  was  the  thrust. 

1.  Total  Pressure  Rake 

A  7-probe  total  pressure  rake  was  designed  to  axially 
traverse  the  ramjet  motor  from  the  inlet  plane  through  the  aft 
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mixing  chamber.  Figure  6  is  a  drawing  of  the  rake  installed 
in  the  PMM  fuel  grain.  A  mounting  device  was  attached  to  the 
nozzle  to  steady  the  probe  and  allow  for  traversing  of  the 
motor.  The  probe  support  tube  was  scribed  for  easy  determi¬ 
nation  of  probe  location  when  inside  the  motor.  Plastic 
tubing  connected  the  seven  total  pressure  taps  to  a  Scani- 
valve  system,  which  was  in  turn  attached  to  a  digital  D.C. 
voltmeter  for  reading  of  the  data. 

2.  Static  Pressure  Taps 

A  total  of  8  wall  pressure  taps  were  employed.  One 
was  located  in  the  head-end  assembly  and  one,  as  previously 
mentioned,  in  the  aft  mixing  chamber.  The  remaining  six  were 
spaced  in  the  fuel  grains  as  shown  in  Figure  7.  These  were 
also  connected  to  the  Scanivalve  system  mentioned  above. 

These  measurements,  along  with  the  rake  total  pressure  read¬ 
ings,  allowed  for  determination  of  velocity  profiles  through¬ 
out  the  ramjet  apparatus  during  non-reacting  experiments. 
During  non-reacting  experiments  the  Scanivalve  output  was 
manually  recorded.  During  hot  firings  the  output  was  recorded 
on  a  strip  chart  with  the  Scanivalve  cycled  automatically. 

3 .  Hot-Wire  Anemometers 

Turbulence  intensity  measurements  were  made  during  the 
cold  flow  experiments  along  the  centerline  of  the  ramjet  motor 
and  also  along  the  side  walls  of  the  fuel  grain  at  two  circum¬ 
ferential  positions  (90°  and  180°) .  The  apparatus  used  minia¬ 
ture  Thermo- systems  Incorporated  (TSI)  hot  wires.  Figures  8 
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and  9  show  the  hot  wire  apparatus  in  the  fuel  grain.  The 
hot  wire  was  connected  directly  to  the  TSI  electronic  equip¬ 
ment.  A  D.C.  voltmeter  and  a  true  RMS  meter  were  used  to 
read  the  hot  wire  output.  Additionally,  an  oscilloscope  was 
connected  for  visual  observations  of  the  hot  wire  output  and 
for  setting  the  stability  prior  to  the  measurements. 

4 .  Temperature  Profiles 

To  establish  a  radial  temperature  profile  near  the 
surface  of  the  regressing  fuel  grain,  ten  chrome 1-alumel  ther¬ 
mocouples  were  embedded  approximately  1-5/8  inches  from  the 
aft  end  of  the  fuel  grain.  The  distance  of  the  individual 
thermocouples  from  the  internal  wall  was  graduated  as  shown 
in  Figure  10.  The  thermocouples  were  connected  to  a  Visicorder. 

5.  Thrust  Measurement 

Thrust  measurement  was  accomplished  by  mounting  the 
ramjet  motor  apparatus  to  a  small  thrust  stand  as  shown  in 
Figure  11.  The  head-end  of  the  motor  was  mounted  such  that 
the  thrust  pick-up  was  in-line  with  the  centerline  of  the 
engine.  The  transducer  output  was  recorded  on  a  strip  chart 
recorder.  Load  cell  calibration  was  accomplished  using  a 
pulley /weight  system. 


IV.  EXPERIMENTAL  PROCEDURES 

A.  CALIBRATIONS 

The  transducers  required  for  the  flow  and  thrust  measuring 
devices  were  calibrated  prior  to  the  running  of  each  test. 

The  line  pressure  and  differential  pressure  transducers  and 
the  Scanivalve  were  calibrated  using  a  Heise  gauge  and  bottled 
nitrogen. 

B.  NON-REACTING  FLOW  STUDIES 

The  desired  flow  rates  for  the  test  being  conducted  were 
first  set  by  manually  opening  gate  valves  until  the  required 
differential  pressures  were  obtained  across  the  orifices  for 
the  amount  of  line  pressure  available.  Once  this  was  accom¬ 
plished,  the  data  could  be  taken.  Critical  to  the  validity  of 
the  data  collected  was  the  ability  of  the  air  compressor  to 
supply  steady  air  pressure  to  the  motor.  This  was  dependent 
on  the  demands  placed  on  the  compressor  by  other  users.  It 
was  necessary  to  run  the  tests  at  times  when  the  air  supply 
was  not  being  used  by  another  facility.  In  initial  testing, 
under  less  controlled  conditions,  there  were  fluctuations  in 
the  data  that  were  caused  by  such  a  modulating  flow  from  the 
compressor. 

The  nominal  test  conditions  for  the  non-reacting  flow 
studies  are  summarized  in  Table  I. 

1 .  Pressure  and  Velocity  Distributions 


The  total  pressure  rake  was  axially  traversed  from 
the  air  inlet  plane  to  the  aft  mixing  chamber.  All  15  wall 


static  and  stagnation  pressure  readings,  plus  one  atmospheric 
reading,  were  made  when  the  rake  was  secured  at  each  desired 
position.  Data  were  taken  at  1.0,  3.5,  5.0,  8.0,  12.0,  15.0, 
and  17.5  inches  from  the  air  inlet. 

The  wall  static  pressure  distributions  plotted  in 
Figures  21  to  24  were  obtained  when  the  rake  was  positioned 
at  15.0  inches  (3.0  inches  into  the  aft  mixing  chamber).  This 
position  was  selected  to  limit  effects  due  to  the  blockage 
which  occurs  when  the  probe  is  within  the  fuel  grain. 

The  velocity  profiles  could  easily  be  determined  using 
the  static  and  total  pressure  values  together  with  the  isentro- 
pic,  compressible  flow  relationships  between  the  pressures, 
velocity,  temperature,  and  the  properties  of  air.  The  values 
of  y  and  R  ,  which  were  used,  were  those  of  air  on  a  stan¬ 
dard  day  at  sea  level. 

2.  Hot-Wire  Anemometer  Studies 

A  guide  was  mounted  as  close  to  the  hot  wire  as  possi¬ 
ble  to  steady  the  probe.  This  helped  reduce  the  vibration  of 
the  probe  considerably.  Although  the  readings  taken  near  the 
rear  end  of  the  grain  and  in  the  aft  mixing  chamber  did  not 
receive  the  benefits  from  the  guide,  the  velocities  in  these 
regions  were  much  lower  and  vibrations  of  the  probe  were  mini¬ 
mal. 

The  centerline  turbulence  intensity  measurements  were 
taken  at  the  air  inlet  plane,  at  1  inch  intervals  through  the 
first  half  of  the  grain,  and  then  at  larger  intervals  (depend¬ 
ing  on  the  test  being  run)  . 


The  near-wall  turbulence  readings  were  taken  at  a 
nominal  radial  distance  of  3/32  inches  from  the  wall.  Two 
passes  were  made  down  the  grain  in  order  to  obtain  the  data 
at  90°  and  180°  under  the  same  flow  conditions.  The  data 
were  recorded  at  0.5  inches  from  the  air  inlet  and  then  at 
one  inch  intervals  to  9.0  inches.  It  was  impossible  to  ob¬ 
tain  data  for  locations  aft  of  9.0  inches  with  the  experimental 
set-up  used  in  these  tests.  If  the  probe  guide  had  been  al¬ 
lowed  to  exit  the  aft  end  of  the  grain,  the  wire  would  have 
broken  when  it  came  into  contact  with  the  wall. 

Using  the  readings  from  the  digital  D. C.  voltmeter  and 
the  Ballantine  true  RMS  meter,  the  turbulence  intensities 
were  determined.  Although  the  hot  wire  was  used  in  the  linear¬ 
ized  mode,  many  of  the  measurements  could  only  be  considered 
in  a  qualitative  manner  since  intensities  often  exceeded  15%. 

C.  REACTING  FLOW  STUDIES 

Nominal  test  conditions  for  the  hot  firings  are  listed  in 
Table  II.  The  procedure  for  setting  of  the  required  flow  rates 
for  the  tests  was  the  same  as  that  used  in  the  non-reacting 
experiments . 

The  motor  was  ignited  by  first  setting  the  desired  air 
flow  rate(s),  igniting  a  small  ethylene-oxygen  torch  that 
vented  in  the  face  of  the  step  inlet,  and  then  bleeding  in  a 
small  amount  of  ethylene  upstream  of  the  inlet  dump.  After 
ignition,  the  torch  and  ethylene  bleed  were  terminated. 
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Combustion  normally  lasted  for  forty-five  seconds.  The 
motor  was  extinguished  at  the  end  of  each  run  by  simulta¬ 
neously  venting  the  air  to  the  atmosphere  and  actuating  the 
nitrogen  purge  system.  Low  pressure  air  was  then  blown 
through  the  motor  for  cooling. 

1 .  Pressure  Measurement 

Several  fuel  grains  were  instrumented  with  pressure 
taps  identical  to  those  in  the  non-reacting  flow  studies 
(Figure  7).  As  with  the  cold  flow  tests,  a  fuel  port  pres¬ 
sure  distribution  was  obtained.  The  aft  mixing  chamber  pres¬ 
sure  (combustion  pressure)  was  also  recorded  on  a  Visicorder, 
in  addition  to  the  strip  chart.  This  was  necessary  to  obtain 
a  continuous  pressure- time  trace  for  the  duration  of  the  firing. 
A  highly  accurate-  time  signal  was  also  recorded  to  allow  deter¬ 
mination  of  burn  time  for  regression  rate  calculations. 

2 .  Temperature  Measurement 

The  air  inlet  temperature  was  recorded  on  a  strip  chart. 
The  inlet  total  temperature  was  derived  from  the  measure  inlet 
static  temperature  and  the  air  flow  rate.  This  was  used,  along 
with  the  derived  total  temperature  at  the  nozzle  inlet,  for 
computation  of  the  combustion  efficiency, 

3.  Regression  Rate/Pattern 

To  determine  the  average  regression  rate  (  r  )  and 
the  regression  rate  at  the  end  of  the  fuel  grain  it  was  neces¬ 
sary  to  make  preliminary  measurements  of  the  fuel  grain  prior 
to  insertion  into  the  ramjet  motor.  The  grains  were  weighed 
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prior  to  and  after  each  run.  Based  on  the  weight  loss  and 
the  bum  time  of  the  run  the  average  regression  rate  was  cal¬ 
culated.  The  regression  rate  of  the  aft  end  was  found  by  mea¬ 
suring  the  inside  diameter  of  the  aft  end  of  the  fuel  grain 
prior  to  and  after  firing.  It  was  found  previously  (Ref.  5) 
that  weight  loss  gave  a  more  consistent  value  of  regression 
rate  than  the  method  based  on  aft-end  diameter  change. 

The  regression  patterns,  axially  and  circumferentially , 
were  also  of  interest  during  this  study.  The  regression  pat¬ 
terns  were  examined  by  making  selective  cuts  through  the  fuel 
grain  both  perpendicular  and  parallel  to  the  central  axis. 

These  profiles  were  inspected  for  location  of  maximum  regres¬ 
sion  rate  and  symmetry  of  burn  pattern. 

4 .  Thrust  Measurement 

The  ramjet  motor  was  mounted  on  a  small  thrust  stand 
to  measure  thrust  directly.  The  thrust  transducer  was  con¬ 
nected  to  a  strip  chart  recorder.  A  small  tare  was  used  to 
assure  solid  contact  of  the  thrust  stand  against  the  transducer 
at  all  times.  The  thrust  measurement  was  also  used  with  other 
measured  variables  to  determine  combustion  efficiency. 

5.  Calculation  of  Combustion  Efficiencies 

The  efficiency  of  the  ramjet  combustion  process  is 
usually  defined  as  a  ratio  of  the  theoretical  temperature  rise 
to  that  which  is  actually  attained  (Ref.  9)  Because  of  the 
difficulty  in  measuring  an  average  gas  temperature  due  to  the 


high  temperature  levels,  the  accepted  practice  is  to  calculate 
the  temperature  of  the  gas  based  on  either  burner  pressure  or 
thrust. 

The  measurement  of  thrust  can  be  suspect  depending  on 
on  the  experimental  set-up  and  measuring  technique.  One  of 
the  main  problems  is  the  bringing  of  the  air  flow  into  the  ram¬ 
jet  motor  while  mounted  on  the  thrust  stand.  It  is  possible 
to  introduce  an  unknown  tare  force  which  can  degrade  the  ac¬ 
ceptability  of  the  measured  thrust.  The  experimental  set-up 
used  (Fig.  11)  minimized  this  problem  by  bringing  the  air  into 
the  head-end  and  aft  mixing  chamber  through  long  flexible 
hoses  from  above,  thereby  imparting  no  force  along  the  thrust 
line  of  the  motor. 

To  determine  the  temperature  rise  efficiency  the 
following  relationship  was  used: 
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T.  was  determined  from  measurement  of  the  temperature  at 

c  air 

the  head-end  of  the  motor.  In  this  low  velocity  region,  stag¬ 
nation  and  static  temperatures  are  virtually  identical.  The 
value  of  T.  can  be  found  using  the  measured  pressure 

and  mass  flow  rate,  as  previously  mentioned,  and  the  one-di¬ 
mensional  mass  continuity  relationship  for  flow  through  a 
choked  nozzle  (Ref.  10) .  From 
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the  following  relationship  can  be  obtained: 


Values  of  P4  ,  A^,  ,  and  ihT  are  measured  quantities 
(station  4  is  just  prior  to  the  nozzle) .  The  NWC  Pepcode  com¬ 
puter  program  was  used  to  determine  the  theoretical  combustion 
temperature  and  required  gas  properties  (R  and  y)  at  the 
experimentally  determined  air- fuel  ratio  and  inlet  conditions. 

was  determined  from  y  and  the  known  nozzle  contraction 
ratio . 

The  combustion  efficiency  based  on  the  thrust  employed 

the  same  basic  formula  (Eq.  1}  and  the  value  of  T.  „  based 

^  t  meas 

primarily  on  the  thrust.  From 
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the  following  relationship  can  be  obtained,  for  a  converging 
nozzle: 
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As  can  be  seen  there  is  also  a  dependency  on  PTij  in 
this  equation.  The  required  gas  properties  were  again  deter¬ 
mined  using  the  NWC  Pepcode  program. 
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V.  RESULTS  AND  DISCUSSION 


A.  NON-REACTING  FLOW  EXPERIMENTS 

The  non- reacting  flow  experiments  were  accomplished  in  an 
attempt  to  characterize  the  flow  field  within  the  solid  fuel 
ramjet  motor  for  widely  varying  geometries  and  flow  rates. 

The  studies  included  the  determination  of  velocity  profiles, 
wall  static  pressure  variation,  centerline  turbulence  inten¬ 
sity,  and  near-wall  turbulence  intensity.  The  results  ob¬ 
tained  from  these  experiments  will  be  discussed  for  each  major 
geometric  configuration.  The  results  of  the  cold  flow  tests 
will  then  be  examined,  along  with  the  information  obtained 
from  the  reacting  flow  data,  to  determine  whether  the  cold 
flow  measurements  can  be  used  to  predict  the  expected  combus¬ 
tion  efficiency  and/or  fuel  regression  pattern/rate. 

1.  Large  Diameter  Inlet,  h/D  =  . 250 

This  inlet  (.  750  in.  diameter)  was  tested  with  no  by¬ 
pass,  and  with  50%  of  the  airflow  bypassed  to  the  aft  mixing 
chamber.  The  velocity  profiles  for  these  two  air  flow  condi¬ 
tions  are  shown  in  Figures  13  and  14.  For  the  case  with  no 
bypass,  the  flow  entered  the  fuel  grain  with  a  high  velocity 
(207  fps)  and  then  as  the  flow  expanded  to  the  fuel  port  cross 
sectional  area,  decreased  to  56  fps.  Agreement  between  these 
values  and  1-D  isentropic  flow  values  was  very  good.  The  re¬ 
attachment  point/region  can  be  considered  to  be  that  point 
where  no  reverse  flow  occurs.  This  occured  at  approximately 
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4.0  inches  for  the  case  with  no  bypass  as  compared  to  over  8.0 
inches  when  bypass  was  introduced.  The  reattachment  point  lo¬ 
cation  for  no  bypass  flow  compared  favorably  with  previous 
work  (see  Figure  12) .  The  length  of  the  recirculation  region 
for  the  run  with  bypass  was  surprisingly  long.  If  the  flow 
were  laminar  there  would  be  a  tendency  for  the  reattachment 
zone  to  move  downstream.  However,  a  check  of  the  Reynolds 
number  indicated  that,  as  expected,  the  flow  was  very  turbulent. 
Apparently,  the  flow  characteristics  within  the  aft  mixing 
chamber  affect  the  flame  stabilization  region  within  the  fuel 
port.  The  profiles  in  the  center  portion  of  the  aft  mixing 
chamber  were  flat  and  essentially  identical  for  both  cases. 

The  flow  entering  the  aft  chamber  passes  over  a  small  step, 
similar  to  the  inlet.  The  recorded  velocity  profiles  only 
covered  the  1  -  1/2  inches  down  the  center  of  the  chamber  and 
no  information  on  the  reattachment  point  in  the  aft  mixing 
chamber  was  obtained. 

Figure  21  presents  the  axial  pressure  distributions 
in  the  fuel  grain  and  one  point  in  the  aft  mixing  chamber. 

The  pressure  leveled  off  at  about  5.0  inches  in  each  case, 
slightly  downstream  of  the  no-bypass  reattachment  zone.  The 
steady  pressure  for  the  50%  bypass  situation  was  about  1.5% 
higher.  This  was  apparently  due  to  the  slightly  higher  total 
mass  flow  rate.  Although  the  mass  flow  through  the  grain  was 
low  for  50%  bypass,  the  pressure  was  maintained  close  to  that 
for  the  no-bypass  situation  due  to  the  same  total  mass  flow 
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through  the  nozzle  throat.  A  small  increase  in  the  pressure 
and  corresponding  decrease  in  velocity  occurred  as  the  flow 
expanded  into  the  aft  mixing  chamber. 

Figure  25  compares  the  centerline  turbulence  intensi¬ 
ties  for  the  two  cases.  The  qualitative  behavior  of  both 
flows  compares  favorably  with  analytical  and  experimental  work 
discussed  in  Reference  6.  The  peak  intensities  were  located 
at  approximately  5-1/2  and  7-1/2  inches,  near  the  location 
where  wall  static  pressures  leveled  off  and  just  downstream  of 
the  reattachment  regions.  The  turbulence  intensities  at  the 
inlets  were  about  the  same  indicating  that  the  fluctuating 
velocity  (  u'  )  was  less  for  the  bypass  conditions.  In  the 
aft  end  of  the  grain,  however,  the  fluctuating  component  of 
the  velocities  were  nearly  the  same  since  the  mean  velocity 
(  U  )  was  about  half  for  the  case  of  50%  bypass. 

Analysis  of  the  side  and  bottom  wall  turbulence  inten¬ 
sities  (Figures  26  and  27)  indicated  that,  in  contrast  to  the 
centerline  turbulence  intensities,  there  was  no  significant 
effect  of  the  bypass  on  the  position  of  maximum  near-wall  tur¬ 
bulence  intensity  in  the  fuel  port.  Bypass  levels  were  again 
greater  than  no-bypass  levels.  The  secondary  peaks  occurred 
at  approximately  4.0  inches,  near  where  the  flow  reattachment 
occurred  with  no  bypass.  The  near-wall  turbulence  intensities 
were  significantly  greater  than  the  centerline  values.  Com¬ 
parison  of  side  and  bottom  wall  profiles  indicated  that  the 
flow  was  nearly  radially  symmetric  along  the  grain. 
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The  upstream  effects  of  the  bypass  on  the  flow  seem 
to  be  significant.  It  moved  the  reattachment  point  downstream 
(as  determined  by  the  mean  velocity  profiles) ,  increased  the 
required  distance  for  the  velocity  profiles  to  become  flat, 
moved  the  peak  centerline  turbulence  intensity  downstream, 
and  also  caused  an  increase  in  the  turbulence  intensities  for 
both  near-wall  and  centerline  positions.  If  centerline  tur¬ 
bulence  intensity  could  be  used  to  characterize  the  regression 
rate  pattern,  the  50%  bypass  results  could  indicate  that  a 
more  rapid  variation  in  regression  rate  would  occur  along  the 
grain.  It  could  also  be  expected  that  the  point  of  maximum 
fuel  regression  would  take  place  farther  downstream  for  the 
bypass  case . 

However,  if  near-wall  turbulence  could  be  used  to 
characterize  the  regression  pattern  no  significant  variation 
would  be  expected  between  no  bypass  and  50%  bypass. 

2 .  Large  Inlet  Diameter,  w/Screen,  h/D  =  .250 

This  test  was  conducted  with  a  wire  mesh  screen  at¬ 
tached  to  the  step  inlet  in  order  to  examine  the  effects  of 
inlet  distortion/turbulence  intensity  variations.  Velocity 
profiles,  Figure  15,  and  pressure  distributions.  Figure  23, 
are  presented  for  the  no-bypass  conditions.  Bypass  was  not 
introduced  with  this  configuration  until  turbulence  intensity 
measurements  were  taken. 

The  velocity  profiles  were  almost  identical  to  those 
with  no  screen;  showing  only  a  slight  decrease  in  maximum 


velocity  at  the  inlet.  The  screen  did  not  seem  to  have  any 
effect  on  the  reattachment  point  location  or  the  mean  velocity 
profiles. 


The  pressure  distribution  (Figure  23)  also  exhibited 
the  same  characteristics  as  the  inlet  without  the  screen. 

The  effect  of  the  screen  was  readily  noticeable  in  the 
turbulence  intensity  measurements  (Figures  28  to  30).  The  lo¬ 
cation  of  the  peak  centerline  intensity  was  the  same,  but  the 
value  was  much  greater.  Since  the  average  velocity  (  U  )  was 
nearly  the  same  with  or  without  the  screen,  the  fluctuating 
velocity  values  (  u'  )  were  much  greater.  As  for  the  inlet 
without  the  screen,  the  peak  near-wall  intensities  occurred 
farther  upstream  than  the  peak  centerline  intensities.  The 
screen  had  little  effect  on  the  magnitude  of  the  bottom  wall 
intensities  but  decreased  the  side  wall  values. 

The  screen  apparently  introduced  increased  centerline 
turbulence  without  significantly  affecting  the  mean  flow  cha¬ 
racteristics  or  the  near-wall  turbulence. 

3.  Large  Inlet  Diameter,  w/aft  Orifice  Plate,  h/D  =  .250 
In  this  series  of  experiments  an  orifice  plate  was 
placed  at  the  rear  of  the  grain.  The  plate  had  a  one  inch 
diameter  hole  which  gave  the  fuel  grain  a  1/4  in.  "lip"  for 
the  flow  to  pass  over.  This  geometry  should  provide  increased 
mixing  of  the  fuel  vapor  and  air  within  the  fuel  port. 

The  pressure  data  used  to  construct  the  velocity  pro¬ 
files  showed  large  fluctuations,  but  the  mean  velocity  and 
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pressure  profiles  within  the  fuel  grain  (Figures  16  and  23) 
were  the  same  as  without  the  plate.  The  aft-end  flow  restric¬ 
tion  apparently  caused  large  scale  oscillations  in  the  flow 
within  the  entire  fuel  grain.  The  mean  location  of  the  re¬ 
attachment  point  appeared  to  be  unchanged.  A  difference  was 
noted  in  the  aft  mixing  chamber,  as  expected,  since  the  flow 
area  was  reduced  by  the  presence  of  the  plate.  Near  the  grain 
exit  and  into  the  aft  mixing  chamber,  the  velocity  increased 
and  a  large  aft  recirculation  zone  was  generated. 

The  centerline  turbulence  (Figure  31)  was  also  affected 
by  the  installation  of  the  plate.  The  turbulence  intensity 
without  bypass  did  not  peak  and  then  drop  off  as  it  did  without 
the  plate.  The  values  increased  to  a  slightly  higher  value 
and  remained  nearly  constant.  The  bypass  condition  showed  a 
great  increase  in  turbulence  intensity  within  the  fuel  grain, 
indicating  again  that  the  fluctuating  velocity  (  u'  )  was  much 
greater. 

The  near-wall  turbulence  intensity  profiles  (Figures 
32  and  33)  were  nearly  the  same  with  and  without  the  orifice 
plate,  with  peak  intensity  occurring  at  about  4.0  inches.  It 
is  interesting  to  note  that  the  wall  measurements  showed  the 
turbulence  intensity  to  drop  off  after  the  peak  value  whereas 
the  centerline  values  did  not.  The  near-wall  intensity  values 
were  very  similar  in  magnitude  and  profile  with  and  without 
the  aft  orifice  plate.  These  data  indicate  that  the  effect 
of  the  plate  on  the  higher  frequency  turbulence  might  be  con- 
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fined  to  the  core  of  the  flow  and  to  the  aft  mixing  chamber. 
As  noted  above,  very  low  frequency  mean  velocity  oscillations 
were  introduced  in  the  flow  by  the  aft  orifice  plate.  Thus, 
increased  bulk  mixing  occurred  throughout  the  fuel  port  and 
increased  centerline  turbulence  occurred  in  the  flow  at  the 
aft  end  of  the  fuel  grain  where  the  boundary  layer  is  thick. 
This  behavior  indicates  that  the  orifice  plate  may  increase 
fuel  regression  rate  near  the  aft  end  and  also  may  increase 
combustion  efficiency.  However,  if  near-wall  turbulence  do¬ 
minates  the  regression  rate  behavior,  very  little  regression 
rate  changes  would  be  observed. 

4 .  Small  Diameter  Inlet,  h/D  =  .333 

This  inlet  had  a  diameter  of  0.50  inches  and  was 
examined  for  the  same  air  flow  rates,  with  and  without  bypass 
as  the  large  inlet. 

Figures  17  and  18  depict  the  velocity  profiles  for 
this  case.  Both  conditions  of  air  flow  exhibited  similar 
profiles  with  a  reattachment  area  between  3.5  and  5.0  inches. 
This  is  the  same  as  for  the  smaller  step  height  examined 
earlier.  Reattachment  location  has  been  shown  previously 
to  be  a  function  of  step  height.  It  is  not  possible  from  the 
data  presented  to  locate  a  more  precise  position,  but  the 
values  are  in  general  agreement  with  previously  presented 
data  (Ref.  6) .  As  expected,  this  inlet  had  higher  velocities 
at  the  inlet  plane.  Again,  these  compared  well  with  1-D  isen 
tropic  flow  values  for  the  given  conditions  of  area,  air 
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density,  and  mass  flow  rate.  The  bypass  condition  did  not 
cause  the  large  scale  recirculation  effects  on  the  velocity 
profiles  within  the  fuel  grain  as  it  did  with  the  .750  inch 
diameter  inlet.  The  profiles  in  the  aft  mixing  chamber  ap¬ 
parently  represent  large  scale  recirculation  in  this  region, 
with  or  without  bypass.  This  is  a  marked  deviation  from  the 
results  of  the  larger  inlet  experiments. 

The  axial  pressure  distributions,  Figure  22,  show 
the  same  general  characteristics  as  with  the  large  inlet.  The 
gradient  from  the  head-end  to  the  steady  state  value  is  no¬ 
ticeably  greater  due  to  the  higher  velocities  at  the  inlet 
plane.  It  took  slightly  more  distance  for  the  pressures  to 
level  off.  These  results  indicate  that  bypass  has  more  up¬ 
stream  effects  on  the  large  diameter/ lower  velocity  inlet  but 
that  the  aft  mixing  region  is  more  unsteady  with  the  small 
diameter  inlet. 

Centerline  and  near-wall  turbulence  intensities  are 
shown  in  Figures  34  through  36 .  The  general  characteristics 
of  the  centerline  intensity  profiles  were  in  agreement  with 
that  large  inlet  data.  The  magnitudes  of  the  centerline  in¬ 
tensities  were  considerably  greater,  as  might  be  expected  from 
the  higher  shear  rates  in  the  forward  region.  Without  bypass, 
the  peak  centerline  intensity  occurred  further  upstream,  very 
near  flow  reattachment.  The  introduction  of  the  bypass  air 
flow  increased  the  values  of  the  intensity,  especially  in  the 
aft  portion  of  the  grain,  and  the  values  were  much  higher  than 
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with  the  large  inlet.  The  highest  value  of  intensity  with 
bypass  occurred  downstream  of  the  flow  reattachmen and  the 
location  where  the  pressure  leveled  off. 

Near-wall  turbulence  intensities  were  less  with  the 
smaller  inlet  and  the  peak  values  occurred  further  downstream. 

Higher  centerline  values  and  lower  wall  values,  as 
compared  to  the  larger  step  height,  can  be  explained  by  the 
movement  and  location  of  the  eddies  created  by  the  interface 
between  the  core  flow  and  the  recirculation  region.  The  eddies 
formed  are  closer  to  the  centerline  with  the  small  inlet  and 
are  of  greater  intensity  initially.  This  could  explain  the 
occurrence  of  the  peak  centerline  intensity  closer  to  the  head- 
end,  and  the  greater  value  without  bypass  air.  Apparently, 
the  larger  initial  eddies  are  dissipated  more  rapidly  as  they 
approach  the  wall,  since  near-wall  turbulence  intensity  was 
lower  with  the  smaller  inlet. 

The  effects  of  these  data  on  the  expected  fuel  regres¬ 
sion  rates  and  regression  pattern  depends  upon  whether  center- 
line  or  near-wall  turbulence  intensity  (or  both)  is  more  signi¬ 
ficant.  If  regression  rate  is  a  stronger  function  of  center- 
line  turbulence  intensity  the  position  of  highest  regression 
could  be  expected  to  occur  at  the  aft  end  of  the  grain  when 
bypass  air  is  introduced.  If  near-wall  intensity  is  predomi¬ 
nant,  the  maximum  regression  rate  would  occur  at  about  mid¬ 
grain.  The  downstream  shift  of  peak  near-wall  turbulence  in¬ 
tensity  with  increasing  h/D  is  in  agreement  with  reattachment 
and  regression  rate  behavior. 
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The  dump/dome  inlet  used  in  this  study  is  shown  in 
Figure  5  with  Lp  =  0  .  The  airflow  pattern  was  markedly 
different  than  for  the  axial  step  inlet.  Flame  stabilization 
is  accomplished  by  the  circulation  of  td  e  fkw  in  the  dome  as 
opposed  to  the  flow  behind  the  step  for  tho  axial  inlet. 

Figures  19  and  20  depict  the  velocity  profiles  obtained 
with  the  rake  perpendicular  and  in-line  with  the  dump  plane, 
respectively.  Large  fluctuations  in  the  mean  velocity  occurred. 
The  profiles  indicate  large  regions  of  reverse  flow  throughout 
the  fuel  grain  caused  by  the  swirling  of  the  flow.  The  cir¬ 
cumferential  locations  of  the  pockets  of  reversed  flow  are  de¬ 
picted  in  Figure  39.  The  reverse  flow  pocket  apparently  ro¬ 
tated  around  the  grain.  There  were  two  symmetric  corkscrew 
flow  patterns,  each  emanating  from  one  of  the  dumps.  The  flow 
made  approximately  one  complete  revolution  from  the  dump  plane 
to  the  grain  exit. 

The  pressure  profile  (Figure  24)  showed  that  the  pres¬ 
sure  was  fairly  constant  throughout.  With  this  amount  of 
mixing,  it  would  be  expected  that  no  large  mean  velocity  dif¬ 
ferences  would  occur  within  the  fuel  grain. 

The  centerline  turbulence  intensity  is  depicted  in 
Figure  37.  However,  the  data  obtained  on  this  run  might  not 
be  representative  of  the  actual  turbulence  intensity  in  the 
core  of  the  grain.  Since  the  centerline  of  the  grain  was  al¬ 
most  continually  in  a  region  of  reverse  flow,  the  hot  wire 
apparatus,  blocked  some  of  the  flow  from  the  hot  wire. 
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The  wall  measurements  were  not  affected  by  the  hot 
wire  apparatus  because  of  the  position  of  the  wire  in  relation 
to  the  holder.  Figure  38  depicts  the  near-wall  turbulence 
intensities  for  a  side  wall  position  and  along  the  bottom  of 
the  grain.  As  opposed  to  the  tests  with  the  axial  inlet, 
there  was  a  difference  in  the  turbulence  intensity  profiles 
depending  on  the  radial  position.  The  graphs  again  indicate 
a  swirling  of  the  flow  with  the  greatest  intensities  occurring 
when  the  hot  wire  was  located  in  a  region  of  reverse  flow. 

The  velocity  and  turbulence  intensity  data  indicate 
that  the  regression  pattern  could  be  very  non-symmetric  both 
circumferentially  and  axially.  If  the  areas  of  greatest  re¬ 
gression  correspond  to  those  regions  where  the  near-wall  tur¬ 
bulence  intensity  is  greatest,  a  spiral  regression  pattern 
would  be  obtained. 

B.  REACTING  FLOW  EXPERIMENTS 

A  total  of  12  firings  were  made,  all  with  PMM  fuel  grains. 

(Results  from  the  eight  successful  reacting  flow  experiments 
are  shown  in  Table  III.) 

Regression  rates,  fuel  flow  rates,  and  air  fuel  ratios 
were  calculated  based  upon  both  weight  change  and  diameter 
change.  Weight  loss  calculation  values  were  used  for  inputs 
to  Pepcode  and  for  calculation  of  combustion  efficiencies. 

Ignition  time  for  the  tests  varied.  A  nominal  value  between 


3  and  4  seconds  was  desired.  The  time  listed  in  Table  III 


represents  the  total  time  the  ignition  switch  was  held 
(switch  time) .  In  some  tests  multiple  ignition  attempts  were 
required  before  ignition  was  obtained  (shown  by  the  large  ig¬ 
nition  times) .  There  was  also  a  slight  delay  between  the  time 
the  ignition  switch  was  depressed  and  when  the  igniter  lit. 
Extreme  ignition  times  affect  the  calculated  data  somewhat  by 
altering  the  regression  rates  and  therefore  the  other  calcu¬ 
lated  values.  For  further  refinement,  an  ignition  test  could 
be  made  to  determine  the  average  weight  loss  per  second  of 
ignition.  The  ignition  weight  loss  could  then  be  subtracted 
from  the  initial  grain  weight,  prior  to  calculation  of  desired 
parameters . 

Calculated  values  of  regression  rate  and  temperature  rise 
efficiency  based  on  pressure  were  in  general  agreement  with 
the  previous  work  accomplished  by  Mady  and  Netzer  (Ref.  6) . 

The  regression  rates  obtained  by  Boaz  (Ref.  5)  under  similar 
conditions  also  were  in  accord.  Combustion  efficiencies  were 
not  calculated  by  Boaz.  Differences  in  both  regression  rate 
and  efficiencies  with  the  data  of  Hewett  (Ref.  7)  were  noted. 
It  was  reported  that  the  differences  between  the  results  of 
Hewett  and  Mady  (and  therefore  the  present  results)  might 
possibly  have  been  caused  by  variations  in  manufacturing 
methods  during  the  curing  process  of  the  PMM  fuel. 

The  combustion  efficiencies  based  on  pressure  for  re¬ 
peated  runs  were  in  close  agreement.  Although  most  parameters 
for  the  repeated  runs  were  close,  large  run  to  run  variations 
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in  the  efficiency  based  on  thrust  occurred.  Combustion  ef¬ 
ficiency  determined  from  pressures  varies  directly  as  the 
square  of  total  pressure  over  mass  flow.  The  efficiency  found 
from  thrust  varies  as  the  square  of  (thrust  -  pressure)  over 
mass  flow.  Possible  causes  for  the  variations  could  be  in¬ 
accuracy  in  the  measurements  or  the  sensitivity  of  the  calcu¬ 
lation  to  errors  in  measurement.  The  small  differences  in  thrust 
and  pressure  between  runs  is  magnified  by  the  fact  that  the 
equation  takes  the  difference  between  the  two  values. 

An  initial  run  made  with  the  pressure  taps  in  the  fuel 
grain  yielded  a  pressure  distribution  qualitatively  similar  to 
that  attained  in  cold  flow.  However,  the  regression  pattern 
of  the  fuel  grain  was  altered  in  the  vicinity  of  the  pressure 
taps.  This  apparently  resulted  from  local  disturbances  intro¬ 
duced  within  the  boundary  layer  by  the  pressure  taps.  The  re¬ 
gression  rate  in  the  immediate  vicinity  of  the  taps  was  higher 
than  that  at  other  areas  of  the  grain.  A  concave  circular  area 
was  present  with  one  side  flared  in  the  direction  of  the  flow. 
Those  taps  located  in  the  recirculation  region  had  the  flared 
end  pointing  toward  the  head-end,  while  those  aft  of  the  re¬ 
attachment  point  flared  downstream.  This  was  further  evidence 
of  the  reverse  flow  direction  in  the  recirculation  zone.  A 
possible  application  of  this  behavior  could  be  the  controlling 
of  regression  rate  at  desired  areas  by  selectively  boring  holes 
into  the  core. 
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Since  pressure  distributions  were  not  of  primary  impor- 
to  this  study,  it  was  decided  to  accomplish  the  remainder  of 
the  runs  with  fuel  grains  without  pressure  taps.  This  al¬ 
lowed  comparison  with  previous  work  and  did  not  introduce 
unknown  factors  into  the  computation  of  regression  rates  and 
combustion  efficiencies. 

1.  Large  Diameter  Inlet,  h/D  =  .250 

Attempts  to  ignite  and  sustain  combustion  with  the 
.750  inch  diameter  step  inlet  were  unsuccessful.  The  small 
step  height  (h)  did  not  provide  a  large  enough  recirculation 
region  to  maintain  the  flame.  Results  by  Boaz  and  Netzer 
(Ref.  5)  also  showed  this  to  be  the  case. 

To  obtain  information  on  the  effects  of  the  inlet 
screen  and  aft  orifice  plate  it  was  decided  to  conduct  these 
hot  firings  using  the  small  diameter  inlet  (h/D  =  .333).  Al¬ 
though  cold  flow  data  were  not  available  for  this  specific 
configuration,  data  were  available  for  the  large  inlet  with 
the  screen  and  aft  orifice  plate.  The  results  can  be  com¬ 
pared  ir  it  is  assumed  that  the  same  general  changes  in  the 
characteristics  of  cold  flow  result  with  either  inlet. 

2 .  Small  Diameter  Inlet,  h/D  =  .333 

Four  firings  were  made  with  this  configuration;  two 
with  no  bypass  and  two  with  50%  of  the  total  air  flow  bypassed 
to  the  aft  mixing  chamber.  The  data  from  runs  with  similar 
air  flow  conditions  were  in  very  close  agreement,  except  for 
the  efficiencies  based  on  thrust  (probably  for  reasons  noted 
earlier)  . 
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As  expected  with  this  type  of  axial  inlet,  the  re¬ 
gression  pattern  was  circumferentially  symmetric  at  all  points 
along  the  grain.  This  was  true  for  all  firings  accomp_ished. 
The  axial  regression  patterns  varied  between  the  two  different 
cases.  The  non-bypass  point  of  maximum  regression  was  located 
at  approximately  4.5  inches  from  the  head-end.  From  the  cold 
flow  data,  this  corresponded  to  the  peak  in  centerline  turbu¬ 
lence  intensity  (Fig.  34) .  Side  and  bottom  wall  turbulence 
intensities  (Figs.  35  and  36)  peaked  only  slightly  farther 
downstream.  Since  the  maximum  regression  point  was  not  a 
sharply  defined  position,  it  was  impossible  to  distinguish 
from  these  runs  if  there  was  a  better  correspondence  of  maxi¬ 
mum  regression  rate  position  with  centerline  or  near-wall  tur¬ 
bulence  intensity.  Both  cold  flow  intensities  increased  to  a 
maximum  and  then  decreased  as  did  regression  rate. 

The  firings  with  bypass  moved  the  point  of  maximum 
regression  rate  slightly  downstream  and  the  regression  rate 
did  not  decrease  from  the  maximum  point  to  the  aft  end  com¬ 
pared  to  that  for  the  non-bypass  conditions.  The  cold  flow 
centerline  turbulence  continued  to  rapidly  climb  in  the  aft 
portion  of  the  grain.  If  centerline  turbulence  affects  the 
wall  regression  rate,  the  latter  would  be  expected  to  continue 
to  increase  with  axial  distance.  Bypass  did  cause  the  near¬ 
wall  turbulence  to  level-off  toward  the  aft  end  of  the  fuel 
grain  (data  were  taken  only  to  the  9  inch  position) .  Near¬ 
wall  turbulence  intensities  were  also  slightly  higher  for 
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the  case  with  bypass.  These  results  indicate  that  near-wall 
turbulence  intensity  better  correlated  with  regression  beha¬ 
vior  than  did  centerline  turbulence  intensity.  This  might  be 
expected  since  the  fuel  layer  is  quite  thin  and  the  flame  is 
normally  located  very  near  the  wall. 

3.  Small  Diameter  Inlet,  w/Screen,  h/D  =  .333 

The  test  with  no  bypass  air  flow  would  not  sustain 
combustion.  Combustion  was  attained  for  the  case  of  50%  by¬ 
pass.  For  cold  flow,  the  screen  was  observed  to  significantly 
increase  the  centerline  turbulence  intensity.  This  amount  of 
turbulence  apparently  greatly  affected  the  mass  transport  of 
air  into  the  recirculation  region.  This  could  possibly  cause 
the  normally  fuel  rich  recirculation  zone  to  be  saturated  with 
air,  thereby  quenching  the  combustion  reaction.  The  reduction 
of  the  air  inlet  velocity  (mean  and  fluctuating  component)  with 
the  use  of  bypass  was  apparently  enough  to  allow  the  flameholder 
to  sustain  combustion  ir.  the  grain. 

The  inlet  screen  had  no  noticeable  effect  on  the  average 
regression  rate  of  the  fuel  grain  or  any  other  calculated  para¬ 
meters.  What  was  observable  was  a  large  difference  in  the  loca¬ 
tion  of  the  point  of  maximum  regression.  This  was  located  at 
2.0  inches  (vs.  approximately  4.5  inches  with  no  screen)  from 
the  head-end  and  was  more  sharply  defined  than  the  case  without 
the  screen.  Besides  the  head-end  effect,  there  was  also  an 
increase  (although  slight)  in  the  regression  rate  near  the  aft 
end  of  the  grain. 


The  significant  forward  movement  of  the  maximum  re¬ 
gression  point  was  not  anticipated  based  upon  the  behavior 


of  either  cold  flow  near-wall  or  centerline  turbulence  inten¬ 
sity.  The  reason  for  the  increase  of  the  regression  near  the 
aft  end  is  also  not  clear.  Figure  29  shows  a  trend  toward 
increasing  turbulence  intensity  in  this  region,  but  this  was 
also  the  case  with  no  inlet  screen.  This  behavior  may  be  pri¬ 
marily  due  to  the  effects  of  the  bypass  flow  on  the  near-wall 
turbulence  rather  than  the  inlet  screen. 

4.  Small  Diameter  Inlet,  w/Aft  Orifice  Plate,  h/D  =  .333 

The  inclusion  of  the  smaller  diameter  aft  orifice 
plate  (1.0  vs.  1.5  inches)  did  not  appreciably  change  the  per¬ 
formance  of  the  ramjet  motor  in  either  the  non-bypass  or  by¬ 
pass  flow  conditions  as  compared  to  the  motor  with  the  larger 
diameter  orifice  plate.  The  data  may  indicate  a  slight  in¬ 
crease  in  average  regression  rate  and  combustion  efficiency. 
The  plate  did  not  affect  the  location  of  maximum  regression. 

In  all  cases  it  was  located  at  approximately  5.0  inches.  This 
corresponds  primarily  to  the  location  of  the  near-wall  turbu¬ 
lence  intensity  peak  in  cold  flow.  As  with  the  case  with  the 
smaller  diameter  orifice  plate,  the  50%  bypass  condition 
caused  a  more  uniform  regression  pattern  throughout  the  grain. 

Combustion  pressure/thrust  oscillations  were  noticed 
for  all  runs  using  50%  bypass.  They  were  not  observed  for 
the  non-bypass  condition.  The  frequency  and/or  amplitude 
could  not  be  determined  precisely  because  of  the  recording 


speed  and  the  line  length  connecting  the  motor  to  the  pressure 
transducer.  Results  by  Mady  (Ref.  6)  showed  it  to  be  about 
150  Hz.  and  approximately  20%  of  chamber  pressure.  The  magni¬ 
tude  of  the  oscillations  observed  in  the  present  tests  were 
approximately  10%  of  the  chamber  pressure.  This  behavior  may 
be  linked  to  the  interaction  of  the  core  flow  and  the  bypass 
air  in  the  aft  mixing  chamber.  The  smaller  aft  orifice  plate 
also  caused  an  additional  characteristic.  Combustion  oscil¬ 
lations  occurred  periodically  (approximately  every  6  seconds) 
for  short  periods  of  time.  This  showed  up  as  small  peaks  in 
pressure/thrust  time  traces.  This  behavior  apparently  resulted 
from  the  higher  velocity  of  the  core  flow  entering  the  aft 
mixing  chamber  together  with  the  smaller  orifice  diameter. 

The  size  of  the  aft  orifice  plate  hole  might  be  critical  in 
avoiding  certain  undesirable  oscillations  in  the  flow  and  per¬ 
formance. 

5.  Dump/Dome  Inlet 

Attempts  to  sustain  combustion  with  the  Dump/Long 
Dome  inlet  were  unsuccessful.  The  ethylene  was  bled  into  the 
air  flow  in  one  of  the  inlets  and  the  igniter  was  positioned 
slightly  downstream  of  the  dumps.  Ignition  did  occur,  but 
the  combustion  could  not  be  sustained  once  the  igniter  was 
turned  off.  The  initial  attempt  had  all  the  airflow  entering 
the  head-end.  To  test  the  possibility  that  the  inlet  veloc¬ 
ity/turbulence  was  too  high,  a  test  was  tried  with  50%  of  the 
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air  bypassed  to  the  aft  mixing  chamber.  This  decrease  in 
inlet  velocity  did  not  have  any  effect  on  the  ability  of  this 
configuration  to  sustain  combustion. 


Cold  flow  tests  showed  extremely  high  turbulence  in¬ 
tensities  in  the  inlet/dome  region.  It  is  quite  possible  that 
the  intensity  was  too  great  (velocities  too  high)  for  the 
flame  to  stabilize  in  the  dome  area.  Future  experiments  should 
be  conducted  in  which  the  dump  ports  are  enlarged  to  decrease 
the  velocity.  In  addition,  one  large  dump  rather  than  two 
180°  opposed  inlets  should  be  examined  both  in  cold  and 
reacting  flows.  No  attempts  were  made  to  fire  the  Dump /Short 
Dome  inlet. 

6 .  Thermocouple  Temperature  Distribution 

The  experiment  to  establish  a  qualitative  radial  tem¬ 
perature  profile  near  the  surface  of  a  regressing  fuel  grain 
was  not  a  total  success.  As  the  fuel  grain  burned,  the  sec¬ 
tion  of  the  grain  where  the  thermocouples  were  mounted  burned 
out  rapidly,  leaving  a  radial  hole  in  the  grain.  The  test  was 
terminated  after  a  very  short  burn  time.  The  Visicorder  re¬ 
cording  did  show  a  sequential  pattern  of  exposure  of  the  first 
few  thermocouples  before  failure.  The  information  obtained 
did  show  that  it  will  be  possible  to  gather  information  from 
this  type  of  test  if  a  better  method  of  securing  the  thermo¬ 
couples  is  found. 


VI.  CONCLUSIONS  AND  RECOMMENDATIONS 


The  changes  incorporated  in  the  solid  fuel  ramjet  motor, 
which  included  the  attachment  of  a  screen  to  the  inlet  and  an 
aft  orifice  plate,  did  not  have  an  appreciable  effect  on  the 
calculated  performance  parameters.  Primary  effects  of  these 
devices  were  on  the  magnitude  and  profile  of  centerline  turbu¬ 
lence  intensity.  Near-wall  turbulence  values  were  not  greatly 
affected.  This  result  and  the  observed  effect  of  pressure 
taps  on  the  fuel  regression  rate  indicate  that  near-wall  tur¬ 
bulence  may  be  the  cold  flow  parameter  that  can  be  used  most 
successfully  to  predict  fuel  regression  patterns  in  reacting 
flows. 

These  results  also  suggest  that  large  scale  change  in 
the  core  flow  characteristics  are  not  going  to  increase  the 
performance  of  the  motor.  Major  increases  in  the  efficiency 
can  probably  be  obtained  only  by  either  increased  reaction 
rates  taking  place  in  the  aft  mixing  chamber,  or  by  signifi¬ 
cantly  increasing  the  mixing  in  the  region  of  the  diffusion 
flame  within  the  fuel  port.  Of  course,  the  configuration  of 
the  aft  mixing  chamber  will  play  an  important  part  in  deter¬ 
mining  the  optimum  increase  in  efficiency.  Future  studies 
should  examine  the  flow  field  effects  obtained  by  changing 
the  aft  mixing  chamber  h/D  and  length  to  diameter  ratio. 

As  discussed  above,  the  one  test  with  the  pressure  taps 
suggested  that  the  regression  rate  is  closely  linked  with 


50 


1 

! 


near-wall  disturbances.  The  near-wall  turbulence  intensities 
did  not  vary  appreciably  between  the  different  configurations. 
The  latter  measurements  were  made  along  the  walls  of  the  motor 
that  were  not  instrumented  with  the  pressure  taps.  Additional 
tests  should  be  made  measuring  the  turbulence  intensity  along 
the  wall  with  the  pressure  taps,  with  particular  attention  to 
the  area  near  the  taps . 

Additional  testing  needs  to  be  accomplished  to  resolve 
anomalies  between  combustion  efficiencies  based  on  thrust. 
Also,  changes  to  the  inlet  of  the  Dump/Dome  configuration 
should  allow  for  ignition  and  combustion  so  that  corresponding 
regression  characteristics  can  be  examined.  The  inclusion  of 
fundamental  fuel  properties  in  future  work  should  allow  for  a 
good  method  of  estimation  of  the  attainable  performance  and 
burning  characteristics  based  on  the  cold  flow  data  for  a  pro¬ 
posed  configuration. 
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Results  From  Reacting  Flow  Experiments 


Solid  Fuel  Ramjet  Flow,  Dump/Dome  Inlet 


Fig.  6.  Total  Pressure  Probe  in  Fuel  Grain 


Fig.  8.  Centerline  Hot  Wire  Probe 


Fig.  9.  Near-Wall  Hot  Wire  Probe 
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THERMOCOUPLE 


AFT  END 
OF  GRAIN 


’hermocouple  Locations  in  Fuel  Grain 


Solid  Fuel  Ramjet  on  Thrust  Stand 


h/D 


-  KRALL- SPARROW  Maximum  heat  transfer 

-  RAMJET  MODEL 

- PHANEUF-NETZER  10%  Blowing 

-  PHANEUF-NETZER  No  Blowing 

.  BOAZ-NETZER  Wafer  injection 


Fig.  12.  Reattachment  Locations  for  Axisyrametric  Flows 
(Fig.  7  from  Ref.  6) 
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68  ’  h/°  =  ‘250>  Pnom  =  56*5  Psia«  V  -104  lbra/sec’  ■  "  -102  lbra/sec 


Velocity  Profiles,  Dump/Dome  Inlet,  P  =  55.5  psia,  m  =  .201  Ibm/sec,  (in-line  with  dump 
•«  v  nom  n  r 


PRESSURE,  PSIA 


Fig.  21.  Axial  Pressure  Distributions,  h/D  =  0.250 
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2  4  6  8  10  12  14 

AXIAL  DISTANCE,  IN. 


Fig.  22.  Axial  Pressure  Distributions,  h/D  *  0.333 


PRESSURE,  PSIA 


Fig.  23.  Axial  Pressure  Distributions,  Screen  and  Aft  Orifice 
Plate 


Fig.  24.  Axial  Pressure  Distributions,  Dump/Dome  Inlet 


67 


Fig.  25.  Centerline  Turbulence  Intensity,  h/D  =  0.250 
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TURBULENCE  INTENSITY 


h/b  =  .250  w/SCREEN 
O  mp  =  .204  Ibm/sec 

£  mp  =  .l04  Ibm/sec,  ms  =  .l02  Ibm/sec 


0  3  6  9  12  15 

AXIAL  POSITION,  IN. 

Fig.  28.  Centerline  Turbulence  Intensity,  Inlet  Screen 
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TURBULENCE  INTENSITY 


Fig.  29.  Side  Wall  Turbulence  Intensity,  Inlet  Screen 
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TURBULENCE  INTENSITY 


I 
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Fig.  30.  Bottom  Wall  Turbulence  Intensity,  Inlet  Screen 


i 
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TURBULENCE  INTENSITY 


Fig.  31.  Centerline  Turbulence  Intensity,  Aft  Orifice  Plate 
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TURBULENCE  INTENSITY 


r  - 


Fie.  32.  Side  Wall  Turbulence  Intensity,  Aft  Orifice  Plate 


TURBULENCE  INTENSITY 
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Fig.  33.  Bottom  Wall  Turbulence  Intensity,  Aft  Orifice  Plate 
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TURBULENCE  INTENSITY 


' 


Fig.  34.  Centerline  Turbulence  Intensity,  h/D  =  0.333 
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TURBULENCE  INTENSITY 


Fig.  35.  Side  Wall  Turbulence  Intensity,  h/D  =  0.333 
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TURBULENCE  INTENSITY 


Fig.  36.  Bottom  Wall  Turbulence  Intensity,  h/D  ■  0.333  j 
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TURBULENCE  INTENSITY 


.1  —  DUMP/DOME  INLET 

0  mp  =.200  Ibm/sec 

_ I _ I _ I _ l  l  i 

0  3  6  9  12  15  18 

AXIAL  POSITION,  IN. 

Fig.  37.  Centerline  Turbulence  Intensity,  Dump/ Dome  Inlet 
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Fig.  38.  Side/Bottora  Wall  Turbulence  Intensity,  Dump/Dome  Inlet 


ig.  39.  Flow  Regions  in  Ramjet  Motor,  Dump/ Dome  Inlet 
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